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In the absence of low-energy super symmetry, a multiplicity of weak-scale Higgs 
doublets would require additional fine-tunings unless they formed an irreducible 
multiplet of a non-abelian symmetry. Remnants of such symmetry typically render 
some Higgs fields stable, giving several dark matter particles of various masses. The 
non-abelian symmetry also typically gives simple, testable mass relations. 
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The idea that there might be more than one Higgs doublet has been much investigated 
for a wide variety of reasons. These reasons include incorporating CP violation in the scalar 
sector (as in the old Weinberg model addressing the flavor problem of the quarks and 
leptons {2, 3|), and obtaining a dark matter candidate, as in "inert Higgs" models jj]. 

If (as will be assumed here) there is no low-energy supersymmetry, then a multiplicity of 
light Higgs-doublets would exacerbate the gauge hierarchy problem. Instead of the mass of 
just one Higgs doublet being "fine-tuned" to be much lighter than the Planck scale, the mass 
of each Higgs doublet would have to be separately tuned. The small mass of the Standard 
Model Higgs doublet relative to the Planck scale might be accounted for anthropically 
but that does not appear to be the case for "extra" Higgs doublets, which do not contribute 
to the breaking of the electroweak gauge symmetry. (Throughout this paper, weak-doublet 
scalar fields will be called "Higgs doublets" even if their vacuum expectation values are 
zero.) 

On the other hand, just one fine-tuning would be sufficient to make all the Higgs doublets 
light if all of them were in an irreducible multiplet of a non-abelian symmetry, Gq, . Then the 
tuning of the mass parameter fi"^ of the Standard Model Higgs field would simultaneously 
ensure the lightness of all the "extra" Higgs doublets, as long as the splitting of the G$ 
multiplet were small. The breaking of G$ can be dynamical, and so this splitting can be of 
any magnitude without creating a naturalness problem. 

In short, a multiplicity of elementary Higgs doublets with masses near the weak scale 
would seem to require (in the absence of low-energy supersymmetry) the existence of a 
non-abelian symmetry relating their masses. Such a symmetry can have several interesting 
consequences, as will be seen in a simple example. It can make some of the extra Higgs 
fields stable, giving dark matter candidates, and give testable relations among the masses 
of new particles. 

If there is such a non-abelian symmetry of the Higgs fields, there are two possibilities. 
Either the quarks and leptons of the Standard Model also transform non-trivially under 
or they are singlets under G^. The former possibility, studied for example in {2, 3| is 
interesting as an approach to understanding the flavor structure of the quarks and leptons. 
It would generally lead to flavor-changing effects from the exchange of extra Higgs doublets. 
Here, however, we study the case where the only Standard Model field that transforms non- 
trivially under G$ is the Higgs field. Hence we call such models "Higgs-flavor models" and 
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the group G$ a "Higgs-flavor group". 

We will show that in typical Higgs-flavor models there exist the following: (a) One or 
more extra Higgs doublets that couple to quarks and leptons proportionally to the Standard 
Model Higgs doublet (ensuring "natural flavor conservation" 8|]). These may be light enough 
to be produced at accelerators, (b) Several Higgs doublets that do not couple to quarks and 
leptons and that are absolutely stable due to an unbroken discrete subgroup of the Higgs- 
flavor symmetry. These are realistic dark matter candidates, some of which can have masses 
near present accelerator limits, (c) Numerous testable symmetry relations among the masses 
of the extra Higgs flelds. These are of two types: relations among the masses of different 
Higgs doublets, and relations among the S'f/(2)i-breaking mass sphttings within the Higgs 
doublets. 

This phenomenology will be illustrated with a very simple model based on a Higgs-flavor 
group Gq, = 5*0(3). 

In this model, the low-energy theory consists of the Standard Model, except that the 
Higgs doublet is part of a 5-plet of 5*0(3)$, denoted where a, b are vector indices 

of 5*0(3)$ and run from 1 to 3. (The 5-plet is, of course, the rank-2 symmetric traceless 
tensor of 50(3)$.) There is also a "messenger fleld" r]^"-^\ which communicates the effects 
of 5*0(3)$ breaking to the Standard Model flelds. 1]^°''^^ is a real 5-plet of 5*0(3)$, but a 
singlet under the Standard Model gauge group. The messenger fleld is superheavy, but has 
a vacuum expectation value (VEV) that is of order 100 GeV to 1 TeV. This small VEV can 
arise very simply and in a technically natural way from the coupling of the messenger fleld 
to the fermions of a sector in which 50(3)$ is dynamically broken by a fermion condensate. 
(Schematically, if the fermions of that sector are called \i/ and transform both under 5*0(3)$ 
and under an asymptotically free group with a conflnement scale A, one can have terms of 
the form ^M^?]^ + /(\E'\E')?7, which gives (77) ~ /A'^/M^. Even for superheavy, this can 
be naturally small.) 

Given that the Higgs doublets transform as a 5-plet under the Higgs-flavor group, whereas 
the Standard Model quarks and leptons are singlets under it, the quark and lepton masses 
must come from higher-dimension operators, the smallest of which have the form 

Cyuka^a = (1) 

where i, j are fermion family indices, and repeated indices of all types are summed over. 
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Such operators can arise from integrating out vector-like quarks and leptons that carry 
5*0 (3)$ indices and have mass of order (rj), as will be discussed later. 

An important point about the term in Eq. (1) is that any Higgs fields in $(a6) that 
couple to Standard Model quarks and leptons do so with the same Yukawa coupling Yij. 

This guarantees that the only effects that violate quark and lepton flavor are through the 

j 

CKM angles, i.e. "natural flavor conservation" (NFC) [8]. The reason for NFC in this model 
is that the messenger sector is very simple. This is a point to which weshall return at the 
end of the paper. 

The splittings of the 5-plet of Higgs doublets is given by the coupling of <|)("^) to the 
messenger field r]^"-''\ the most general renormalizable form of which is given by 

+(T4 ■ ^(''^)'q(°-'')'q^'^d.) _|_ (|)(afe)t . ^ibc)^ica) 

(2) 

where the coefficients are real. In the first expression for V2, the dot represents the contrac- 
tion of SU{2)l indices, which are not shown. In the second expression, the SU{2)l indices 
are denoted by A, and the traces are over the 50(3)$ indices, which are not shown. The 
terms in Eq. (2) are actually not all independent. In terms of the form ($'''$) (7777), the 
product of 7] with itself must be in the symmetric product (5 x 5)5 = 1 + 5 + 9. Thus the 
four terms with coefficients cfi in Eq. (2) depend on only three invariant combinations. 

Because (r/*^"*)) is a real symmetric matrix, an S'0(3)$ basis can be chosen where it is 
real and diagonal. Without loss of generality, then, the VEV of the messenger field may be 
written 
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(77^"'^) = 

Let us write the components of the 5-plet of Higgs doublets as 
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Then it is directly seen from Eq. (1) that the doublet that couples to the known quarks and 
leptons is the linear combination = 2y/aF+W^+, where = ■^^^^{aA + bB). 

The orthogonal combination will be denoted = --^^^{bA — aB). We shall call and 
the "diagonal Higgs doublets" , and with a ^ b the "off-diagonal Higgs doublets" . 
(Note that we define these with respect to the basis in which the VEV of the messenger field 
has the form given in Eq. (3).) 

The mass spectrum of the doublets that results from Eq. (2) is easily computed by 
substituting into it the forms given in Eqs. (3) and (4). Let us first write it in the simple 
case where the cubic term in Eq. (2) vanishes exactly, i.e. — 0. (This could arise from a 
Z2 symmetry under which the messenger fields are odd.) Then we will consider the slightly 
more interesting case where 7^ 0. If = 0, then the mass eigenstates and eigenvalues 
come out to be the following: 



>($(i2)) = Mi + (a2 - a,) 2a2 + {a^ + ^3) lb\ 



M2($(i3)) = Ml -ro^a^-r (|<J2 - |(J3) b^ + {o^ - lo^) -^ab, 



^2($(23)) ^ Mi + (72 + (§(72 - fcTs) b^ - ((72 - 2(73) j=,ab, 



(5) 



M2($_) =Mi + {a2 + as)Ua' + b'), 



M2($+) =M2 + ((72 + (73 + 2(74) 2(a2 + 62), 

where Mq = M|-|-4cri(a^-|-6^). (We are at the moment neglecting 5'C/(2)i-breaking effects.) 
One sees that the combination that couples to quarks and leptons, is actually a mass 
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eigenstate. If the quarks and leptons are to obtain mass, then must obtain a VEV and 
must therefore be identified with the Standard Model Higgs doublet (which we will call 
$5m) and have a negative mass-squared with magnitude of order (100 GeV)^. The other 
four Higgs doublets must have positive mass-squared large enough to evade present limits. 
Therefore, $+ must have the smallest mass-squared in Eq. (5), which can happen if, for 
example, CT4 is sufficiently negative. The magnitude and sign of M^($_|_) has to be explained 
anthropically, presumably in the context of a multiverse scenario. It is simplest to imagine 
that the parameter that varies or "scans" among the domains of the multiverse j3] is the 
S'0(3)<i,-invariant mass parameter M| of the 5-plet. 

From Eq. (5), one finds a simple experimentally testable relationship among the mass 
splittings of the four extra Higgs doublets <l>(^^), $(^3)^ g^j^j ${23) _ Q^^g j^g^g 

= M2($(23)) _ M2($_) = |(fT2 - 2(T3) O^, 

A?3 ^ M2($(i2)) _ M2($_) = {a, - 2a,) (^a + h)\ (6) 
^ M2($(i3)) - M2($„) = {a, - 2a,) (^a -h)\ 

from which one sees that 



1^12 


1/2 ^ 


1^13 


1/2 _|. 


- lAisI 


11/2 

1 


if 


|6|< 






IA2 

1^13 


|l/2 ^ 


1^12 


1/2 ^ 


- lAisI 


11/2 


if 


|6|> 




ah > 0, 


lA^ 

1^23 


|l/2 ^ 


lA^ 
1^12 


1/2 _|. 


- |A?3l 


11/2 

1 5 


if 


\h\> 




a6 < 0. 



In other words, the largest of the three mass-squared splittings among the extra Higgs 
doublets is simply related to the other two. Another relation implied by Eq. (6) is that $_ 
is either heavier than all the off-diagonal Higgs doublets or lighter than them all, depending 
on the sign of a2 — 2a,. 

Eqs. (6) and (7) allow us to draw some conclusions about the stability of the four extra 
Higgs doublets. In what follows, when we say that a doublet is stable, we mean that its 
lightest component is stable, since the heavier components within a weak doublet can decay 
into lighter ones by charged weak interactions. 

First, consider the lightest two of the three off-diagonal Higgs doublets. These are ren- 
dered absolutely stable by unbroken discrete subgroups of the Higgs-fiavor symmetry. (And 
this conclusion applies even if 7^ 0.) The relevant symmetries are the parity transforma- 
tions Pa, where Pa reverses the sign of the a*'^ component of an 5*0(3)$ vector. With respect 
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to Pa, any field with an odd(even) number of SO{3)^ indices equal to a is odd(even). For 
example, and ^^^^^ are odd under Pi, while is even. These parities are unbroken 
by the VEV in Eq. (3). Thus the hghtest Pa-odd fields are stable. For example, if ^^^^^ is 
the heaviest of the off-diagonal Higgs doublets, then is the lightest Pi-odd multiplet 

and (Jj^^-^) is the lightest P2-odd multiplet. Therefore the lightest components of and 
^(23) g^j-g absolutely stable. These will contribute to the dark energy of the universe as will 
be discussed briefly later. 

The heaviest of the three off-diagonal Higgs doublets is not prevented by these discrete 
symmetries from decaying into lighter Higgs doublets. Indeed quartic terms exist which 
would appear to allow such decays (for example, ■ $(^')$('-'^)t . ^(da) ^ which contains 

$(i2)t . ,|,(23)$(3i)t . Whether such decays can occur depends on kinematics. One must 
consider separately two cases. As noted above, is either the lightest or the heaviest of 
the four extra Higgs doublets, depending on the sign of ((72 — 20-3). Call these Cases I and 
H respectively. 

Case I. If is the hghtest of the extra Higgs doublets, the decay of the heaviest off- 
diagonal Higgs doublet into lighter Higgs doublets is kincmatically forbidden, as we will 
now show. (We are still neglecting the 5't/(2)/^-brcaking contributions to the masses of 
the extra Higgs doublets.) If the mass-squared of which is positive, is denoted ml, 
then by Eq. (7) the mass-squareds of the three off-diagonal Higgs doublets can be written 
(in ascending order) as uIq + x^, ml + y^, and m^ + {x + for some x and y such that 
y > X > . For the heaviest off-diagonal Higgs doublet to decay into the two hghtest off- 
diagonal Higgs doublets plus other particles (which is the only decay allowed it by the parity 
symmetries P^), one must have + {x + yY > ^ + + \J m^ + y^ > \J m^ + x"^ + y 
^ ml + {x + y)'^ > ml + x'^ + y'^ + 2y^mQ + x^ ^ x> \jm^ + x^, which is clearly impossible 
since > by the fact that all the extra Higgs doublets have positive mass-squared. The 
heaviest off-diagonal Higgs doublet also cannot decay directly into quarks and leptons, since 
it has no Yukawa coupling to them. It is therefore stable. 

In Case 1, the Higgs doublet $_ is also stable, because it has no Yukawa couplings to 
the quarks and leptons, and because there turn out to be no quartic couplings that allow 
its decay into three Some of these conclusions are modified if m^ 7^ as will be seen. 

Case II. In Case II, whether and the heaviest off-diagonal Higgs doublet are able 
to decay into fighter Higgs doublets depends on the values of parameters. The lightest two 
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off-diagonal Higgs doublets are, however, absolutely stable due to the symmetries Pa (that 
is, their lightest components are). 

This model differs from most models of dark matter in that there are several stable 
particles that contribute to the dark matter density of the universe. Most of the dark 
matter density would come from the heaviest stable extra Higgs particle, because of both 
its smaller annihilation cross-section and the larger mass. However, in the present model, 
the lightest stable extra Higgs particle can be much hghter than heaviest one. For example, 
in Case I, can be much hghter than the heaviest stable Higgs doublet. In Case H, the 
lightest off-diagonal Higgs doublet can be much hghter than all three of the other extra 
Higgs doublets. Thus, even if the particle which is the dominant component of the dark 
matter has a mass of order a TeV, there can be other stable Higgs particles several times 
lighter than that. The calculation of the dark matter density is obviously quite involved as 
it depends on the eleven parameters of Eqs. (2) and (12), and will be considered in detail 
elsewhere. 

Now let us consider the model when ^ 0. This term in Eq. (2) has no affect on the 
masses of the off-diagonal Higgs doublets, but modifies the 2x2 mass matrix of the diagonal 
Higgs doublets, so that the eigenstates are mixtures of what we called $±: 



= sin 9h^+ + cos 9h^- , 



(8) 



where, for small ms. 



= M2($'_)-M2($V) ■ 
Thus the diagonal extra Higgs doublet now couples to the quarks and leptons with a 

strength that is simply tan 9h times that of the Standard Model Higgs doublet and is no 

longer stable. Prom the decays of into quarks, the value tan 6 is in principle directly 

measurable. 

There is also a shift in the mass of from the value predicted in Eq. (7). For small 
777.5, this shift is given by 

SM'i^.) = -^".=6^. (10) 
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Thus one has the prediction 

5M\^_) = -r^^^i^nOn [m\^_) - M\^+)\ , (11) 

where r = h/a can be extracted from Eqs. (6) and (7). In particular (r + -^)/{r — — 
Y^Afg/Als- This shifting of the mass of has the effect that in Case I for certain values 
of parameters the heaviest off-diagonal Higgs boson can decay into other Higgs doublets. 

Up to this point, we have neglected the S'f/(2)i-breaking effects in computing the masses 
of the extra Higgs doublets. This breaking gives splitting with each doublet between the 
charged, neutral scalar, and neutral pseudoscalar components. The splitting occurs through 
the couphng of the Standard Model Higgs doublet to the extra Higgs doublets in the quartic 
terms in the Higgs potential. Since the Higgs-flavor group SO{3)^ significantly constrains 
the form of the those quartic terms, testable predictions arise for the pattern of SU{2)l- 
breaking splittings. The most general form for the quartic part of the Higgs potential is 
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where the notation is the same as in Eq. (2). By the hermiticity of V4 the Aj are real. Since 
the product ($^$) must be in 5 x 5 = 1 + 3 + 5 + 7 + 9, the six terms in Eq. (12) depend 
on only five invariant combinations. 

It is easy to show that given in Eq. (12) contains no terms of the form 

Consequently, when <l>_|_ acquires a VEV it docs not mix $_ and Therefore, the conclu- 
sion reached earlier that for 777,5 = the doublet $_ does not couple to quarks and leptons 
still holds. 

When $5M acquires a vacuum expectation value, the terms in Eq. (12) (except for 
the Ai term) give 5'C/(2)2:-breaking contributions to the masses of the Higgs fields. Each 
Higgs doublet has a charged, neutral scalar, and neutral pseudoscalar component, and thus 
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two splittings. So the four extra Higgs doublets have altogether eight 5'C/(2)i-breaking 
splittings, which are determined by the five parameters Aj, i — 2, 6 (of which only four 
are independent of each other). There are therefore four testable mass relations. 

There are some technical points about symmetry breaking to be considered. We an- 
alyzed two cases = and ^ 0. The case = can be realized if there is 
a Z2 under which the messenger field r]^'^^^ is odd and all the Standard Model fields are 
even. The sector that dynamically breaks SO{3)^ could then (for example) have the 
form |M2?7(»'')r/(«^) + Ef=i //(^^"''^*/)r?("^\ where under SU{N)dsb x S0(3)^ x Z2, one 
has ^^"^^ = (N, 5, +), ^/ = (N, 1, -), and r/('^*) = (1, 5, -). The confining group SU{N)dsb 
causes a \E'\E' condensate to form that induces a linear term, and thus a VEV, for the messen- 
ger field. In the case 7^ one must explain why is of order the weak scale rather than 
the Planck scale. Here too one can invoke a Z2. In this case, one could have two messenger 
fields, 77^"''^ and 77' that are respectively a 5-plet and a singlet under SO{3)^ and that are 
both odd under Z2. The dynamical symmetry breaking sector could (for example) have the 
form iM^r/^"*)?/^"'') + \M^,7]'r]' + ELi f i^^""^^ iW"^^ + /'(^'^')^'- ^ the confining scale 
of SU{N)osB is A, and both ~ M^, are of superheavy scale, then both the 5-plet and 
singlet messenger fields will naturally have VEVs of the same order of magnitude, namely 
AVM2. 

The effective Yukawa operators given in Eq. (1) can arise through integrating out fermions 
that have mass of order (77). For example, if there is a set of fermions ■0^"''^ = (1, 5, -|-) that 
has the quantum numbers of a family under the Standard Model gauge group, and i/j^^^^ = 
(1, 5, — ) that has the quantum numbers of an anti-family, then there can be renormalizable 
Yukawa couplings of the form i/jiijj^"-''^ ifj^'^^^ ■il)'^"-^^ r}' , and if) jrj^"-^\ When the ifj'^"-^^ + 
ijj^'^^^ is integrated out, it leads at tree level to effective terms of the form ijjiijjj{^^°'^^rj^°'''y {rj'), 
as given in Eq. (1). As they arise at tree level, there is no reason why some of the coefficients 
of such effective terms could not be of order one (as would be needed for the t quark mass). 

One further point: the Higgs-flavor group can be local. The gauge bosons of G$ would 
obtain mass of order the condensate A ~ ((?7)M^)^/^ ^ (77). Therefore, they would have 
negligible effect at low energies. 

We conclude by noting that the "Higgs fiavor" model presented here is typical but hardly 
unique. There are different possibilities for the non-abelian Higgs-flavor group G$ (including 
both continuous and discrete groups) , and various possibilities for the G$ representations for 
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the Higgs doublets and messenger fields. One would expect, however, that typical features of 
such models would include the existence of one or more absolutely stable extra Higgs doublets 
that contribute to dark matter and some of which can be quite light, and the existence of 
other Higgs doublets that couple to the known quarks and leptons proportionally to the 
Standard Model Higgs. 

One expects these features to be typical because they tend to follow from having a very 
simple messenger sector, and a simple messenger sector is required to ensure "natural flavor 
conservation" of the quarks and leptons. For example, in the model described in this paper, 
if there were two messenger fields, r]^'^^^ and r]'^'^^\ instead of just one, then instead of the 
single Yukawa term of Eq. (1), there would be two: Cyukawa — Yijijjiipj{^^°'^^rj^"'''^)/M + 
Y-jt/j-ipj{^^"-''^rj'^"-''^)/M. Since Yij and Y-j would have no reason to be simultaneously diag- 
onalizable, potentially large quark and lepton flavor-changing mediated by scalar exchange 
would result. Ensuring natural flavor conservation in Higgs-fiavor models thus generally 
requires a minimal set of messenger fields. But this in turn makes the G^-breaking in the 
low-energy Higgs sector very simple and tends to leave unbroken in that sector a discrete 
remnant of the Higgs-flavor symmetry that can render some of the Higgs fields absolutely 
stable, as we have seen. 

The general lesson, then, is that the non-abelian Higgs-fiavor symmetry required to make 
extra elementary Higgs doublets naturally light in the absence of low-energy supersymmetry, 
together with the simplicity of the messenger sector needed to avoid excessive quark and 
lepton flavor changing, tends to result in stable Higgs particles that can play the role of dark 
matter. It also can give rise to unstable extra Higgs flelds that couple to quarks and leptons 
proportionally to the Standard Model Higgs held. And, flnally, it tends to yield simple and 
testable mass relations among the extra Higgs flelds. 
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